ABSTRACT Toxicity of nootkatone was determined in laboratory assays against unfed nymphs of Amblyomma americanum L., Dermacentor variabilis (Say), Ixodes scapularis Say, and Rhipicephalus sanguineus Latreille. We determined the 50% lethal concentration (LC 50 americanum was higher when compared with the three other tick species, which were not signiÞcantly different. Because nootkatone is volatile, we measured the amount of nootkatone recovered from duplicate-treated vials before tick exposure and from vials after tick exposure. Nootkatone recovered from vials before exposure ranged from 82 to 112% of the expected amounts. The nootkatone recovered after the 24-h exposure period ranged from 89% from vials coated with higher concentrations of nootkatone, down to 29% from vials coated with low nootkatone concentrations. Determination of the nootkatone residue after vial coating demonstrated loss of the active compound while verifying the levels of tick exposure. Toxicity of low concentrations of nootkatone to the active questing stage of ticks reported in this study provides a reference point for future formulation research to exploit nootkatone as a safe and environment-friendly tick control.
Ticks are pests of major veterinary and human importance in the United States. The ability of Amblyomma americanum L. (lone star tick), Dermacentor variabilis (Say) (American dog tick), Ixodes scapularis Say (black-legged tick), and Rhipicephalius sanguineus Latreille (brown dog tick) to vector disease pathogens has prompted the need to develop ways to regulate their population, especially during summer and fall in areas where these tick populations are abundant. Different strategies have been explored to manage the population of ticks. Area-wide application of acaricides was commonly used to manage ticks and reduce disease transmission to domesticated animals and humans. However, regulating ticks in the wild remains a challenge because effective and sustainable control is difÞcult to achieve (Pegram et al. 2000 , Eisler et al. 2003 . Aside from the high cost of synthetic acaricides, their application has created serious public concerns because of the adverse impact to the environment and nontarget organisms, and an increasing tick resistance to chemicals (Schulze et al. 2001 , Miller et al. 2007 , Schultze et al. 2007 , Morgan et al. 2009 ). Public acceptance of chemical acaricide application is low. Surveys of residents in highly infested areas near the East Coast report only 22% claiming to have used synthetic acaricides for ticks, with most of the residents preferring to use alternative control agents, if available (Piesman 2006 , Gould et al. 2008 .
One alternative to applications of synthetic pesticides for tick control has focused on evaluating botanical-based products for acaricidal activity. A promising essential oil from the heartwood of Alaska yellow cedar, Chaemaecyparis nootkatensis (D. Don) Spach, was found to be highly toxic to immature stages of I. scapularis (Panella et al. 2005 al. (2009) tested the effectiveness of one active component from the oil, nootkatone, and showed that an aqueous application of the emulsiÞed oil at 5% nootkatone sprayed in the Þeld effectively suppressed I. scapularis and A. americanum populations. Additionally, Dolan et al. (2009) noted that A. americanum was the less susceptible of the two species and that residual activity of the treatment was less than 1 wk. Nootkatone is considered to be the primary ßavor component of grapefruit and is available from a variety of natural sources, including citrus, vetiver grass (Vetiveria zizanioides [L.] Nash.), and Alaska yellow cedar, as well as from chemical synthesis.
We conducted bioassays to document the toxicity of nootkatone and compare the susceptibilities of four species of Ixodid ticks to this compound, particularly unfed nymphs, using standardized concentrations of nootkatone under laboratory conditions. This is the Þrst report that directly compares toxicity of nootkatone to four target species of ticks. The techniques used and information reported in this study provide a basis for future formulation research, which is necessary to further develop nootkatone as a natural pest control agent. . americanum, D. variabilis, I . scapularis, and R. sanguineus in laboratory bioassays. Five serial dilutions were made with acetone ranging from 0.008% nootkatone (vol:vol) to 0.0005% (vol:vol) nootkatone concentration.
Materials and Methods

Tick
Coating of Vials and Bioassays. Coating of vials with nootkatone concentrations in acetone (0.008, 0.004, 0.002, 0.001, and 0.0005% vol:vol nootkatone) was done following the method of Panella et al. (2005) with modiÞcations. Four-dram size vials (27.25 mm ϫ 67 mm, Fisherbrand, Vineland, NJ) were coated in the inside by adding 1 ml nootkatone/acetone solution. This coating was expected to provide concentrations of 1.28, 0.64, 0.32, 0.16, and 0.08 g/cm 2 . Vials were placed on their side on a roller (Bellco Biotechnology, Bellco Glass, Vineland, NJ) and allowed to dry in a fume hood for 15Ð20 min or until acetone had completely evaporated. Two vials were treated with each concentration such that one was used for tick exposure and one was capped for later determination of the initial nootkatone residue after dry coating (T ϭ 0).
For the bioassay, 10 nymphs were introduced into one vial for each concentration of nootkatone, and the vials were then capped with a piece of cotton fabric secured with a rubber band and Þnally covered with aluminum foil. An acetone-only treatment was included as a control treatment. Toxicological bioassays for each species were done separately, and every bioassay was repeated Þve times on separate days to serve as replication. Thus, 50 ticks for each species were exposed to each nootkatone concentration. Tick mortality was recorded 24 h after exposure to the nootkatone-coated vials. Ticks were considered alive when they exhibit normal behavior, and considered moribund or dead when unfed nymphs were incapable of movement, failed to maintain normal posture, exhibited uncoordinated movement and inability to right themselves, or had no sign of life (motionless).
Extraction and Determination of Nootkatone From Coated Vials. Nootkatone was extracted from each vial before (T ϭ 0, duplicate vial) and after the 24-h tick exposure (T ϭ 24) by gas chromatography (GC). Nootkatone in each vial was quantiÞed by adding 1 ml hexane and 10 l internal standard, pentadecane (1.0 g/l). The vials were rolled for 30 Ð 40 s to completely dissolve nootkatone into the hexane. The solvent was transferred into a sample target DP vial (C4000 Ð 80W, National ScientiÞc, Rockwood, TN) using a Pasteur pipet.
GC was conducted using a HewlettÐPackard 5890 Series II (Wilmington, DE) equipped with ßame-ionization detection described by Behle et al. (2008) . Samples (1 l) were injected in splitless mode and separated using a DB-5 30 m, 0.25 mm id, 0.25 m Þlm-thickness column (Aglient Technologies, New Castle, DE). Temperature programs ramped from 50 to 280ЊC at 15ЊC/min. The carrier gas was helium at 15.9 ml/min. The amounts of nootkatone detected by the GC in each vial before tick exposure and 24 h after tick exposure were compared with the calculated amount of nootkatone concentration coated in the vial and percentage nootkatone recovered after vial coating was determined.
Statistical Analysis. Dosage-response results obtained in bioassays were subjected to probit analysis (Finney 1971) using Polo software (Polo Plus, version 1.0) to calculate the 50% lethal concentration (LC 50 ), 90% lethal concentration (LC 90 ), slope, lethal dose ratios, and 95% conÞdence intervals for the lethal dose ratios based on log-transformed concentrations. Mortality data were based on combined replication data to provide 50 ticks of each species that were exposed to each concentration. Probit analysis was conducted separately for each species. 
Results
All four tick species tested were susceptible to nootkatone. The LC 50 and LC 90 values along with 95% conÞdence intervals based on the calculated concentrations of nootkatone expected in the vials are reported in Table 1 . Among the species, the 2 values for goodness-of-Þt estimations were not large (Ͻ 2 [0.950, 3] ϭ 7.81), indicating a good Þt of the data with the probit model. The probit analysis did not reject the hypothesis for parallelism among the four tick species tested, and fulÞlls the assumption necessary to determine signiÞcant differences based on CI for lethal dose ratios (Robertson and Preisler 1992 Vials coated with 0.008, 0.004, 0.002, 0.001, and 0.0005% nootkatone were calculated to contain 80, 40, 20, 10, and 5 g nootkatone, respectively. The volatility of nootkatone was determined through GC analysis, and the initial percentage of nootkatone recovered after dry coating of vials is shown in Table 2 . Coated vials had initial nootkatone recovery ranging from 82 to 112% of the expected amounts at different concentrations (T ϭ 0). Furthermore, nootkatone recovery after 24 h of exposure (T ϭ 24 compared with T ϭ 0) ranged from 88.92% in vials coated with higher concentration of nootkatone to 29.25% recovered for a low initial nootkatone concentration. Nootkatone recovery in vials coated with lower nootkatone concentrations resulted in a greater percentage loss of nootkatone 24 h after exposure.
Discussion
Toxicity of nootkatone to insects and ticks has been demonstrated previously (Zhu et al. 2001 , Panella et al. 2005 . The techniques used by Panella et al. (2005) were a dipped glass technique that is difÞcult to quantify with respect to exposure to ticks because the residue on the glass was not speciÞcally measured. Neither the surface area of the treated glass nor the actual amount of nootkatone on the treated surface was reported. Although the technique is simple, effective, and reproducible, the data are not easily extrapolated to other application techniques such as Þeld applications of sprays. We used vials treated with known amounts of nootkatone, a technique more easily quantiÞed such that the concentration of nootkatone over the treated surface area expected to provide 90% mortality was calculated to be 0.485, 0.549, 0.644, and 1.001 g/cm 2 for R. sanquineus, I. scapularis, D. variabilis, and A. americanum, respectively . This calculation can roughly be compared with Þeld applications of nootkatone. Previous Þeld research (Dolan et al. 2009 ) (K.C.S., unpublished data) applied nootkatone in the range of 1 g/m 2 , equivalent to 100 g/cm 2 , a concentration that is Ϸ100 times greater than the dosage necessary to provide 90% mortality as determined by our data.
We recognize that many factors adversely affect the activity of Þeld application. For applications of nootkatone, the chemicalÕs volatility may be one of the most important factors resulting in reduced efÞcacy. Dolan et al. (2009) reported short residual activity (7 d) of spray applications against I. scapularis and A. americanum. This short residual is likely the result of chemical volatility whereby the amount of nootkatone remaining after several days may be near zero. In the laboratory, we showed a decrease of 11Ð22% in vials with higher nootkatone concentrations after a 24-h exposure period in relatively closed containers. Our techniques that determine nootkatone concentrations in the vials will be beneÞcial for future research to evaluate the impact of formulations to reduce volatility while maintaining activity of the compound. Other factors in the Þeld that would contribute to faster reductions of nootkatone could include high temperatures, absorption by the treated substrate, and photodegradation by sunlight (Stevens and Scherer 1968) .
Even with our technique, the volatility of the active ingredient adds to uncertainty about the actual level of exposure as a portion of the nootkatone volatilizes from the vial surface before and after the ticks are placed in the container. As a result, we prepared duplicate vials to measure the amount of nootkatone in treated vials at the time when ticks were introduced. Our data showed that essentially 100% of the expected nootkatone concentration was in the vials before ticks were introduced. After the 24-h exposure period, Ϸ80% of the original concentration remained in the vials. This loss demonstrates the need to evaluate the actual amount of nootkatone in the vials. These data provide an important base of information that will be useful to develop formulations to improve the efÞcacy of Þeld treatments. The rapid loss of nootkatone illustrates the need for developing a formulation, such as encapsulation, that will reduce the volatility of nootkatone after application for tick control. Dolan et al. (2009) reported the results of 2 yr of Þeld treatments to control nymphs of two tick species, I scapularis and A. americanum, and that A. americanum was less susceptible to nootkatone when compared with I. scapularis. Our results based on more controlled conditions support this observation in that the LC 50 for A. americanum was signiÞcantly greater than the LC 50 for I. scapularis. Although the LC 50 of A. americanum was nearly double the LC 50 of the other three tick species tested, nootkatone was sufÞ-ciently active such that we expect applications (at currently reported rates Ͼ1 g/m 2 ) to provide effective control of all four tick species.
Our report is the Þrst that directly compares the toxicity of nootkatone against four important species of ticks. Our results demonstrate that nootkatone is effective against all of these target pests, and conÞrm the observation by Dolan et al. (2009) that A. americanum nymphs are less sensitive to nootkatone when compared with other species. Our data showed that nootkatone volatilizes rapidly and suggest that the chemical may quickly be lost when applied in the Þeld. As a result, development of improved formulations may provide beneÞts by extending residual activity of applications, and provides effective tick control with lower Þeld-application rates. The bioassay techniques reported in this study are directly applicable for continued research to evaluate experimental formulations for nootkatone. Successful development of improved formulations for application of natural acaricides such as nootkatone will help to decrease the negative impact of synthetic pesticides in the environment and nontarget organisms, while providing effective control of important vectors of human pathogens.
